The tumor suppressor protein, p53 is one of the most important cellular defences against malignant transformation. In response to cellular stressors p53 can induce apoptosis, cell cycle arrest or senescence as well as aid in DNA repair. Which p53 function is required for tumor suppression is unclear. The proline-rich domain (PRD) of p53 (residues 58 --101) has been reported to be essential for the induction of apoptosis. To determine the importance of the PRD in tumor suppression in vivo we previously generated a mouse containing a 33-amino-acid deletion (residues 55 --88) in p53 (mDpro). We showed that mDpro mice are protected from T-cell tumors but not late-onset B-cell tumors. Here, we characterize the functionality of the PRD and show that it is important for mediating the p53 response to DNA damage induced by g-radiation, but not the p53-mediated responses to Ha-Ras expression or oxidative stress. We conclude that the PRD is important for receiving incoming activating signals. Failure of PRD mutants to respond to the activating signaling produced by DNA damage leads to impaired downstream signaling, accumulation of mutations, which potentially leads to late-onset tumors.
INTRODUCTION
The p53 tumor suppressor has a pivotal role in maintaining genomic integrity. 1 Wild-type (wt) p53 function is disrupted by mutations in about 60% of human tumors and may also be disrupted by interaction with other proteins (for example, E6 protein in human papillomavirus-associated cervical cancers). 2, 3 The importance of functional p53 is illustrated by Li-Fraumeni Syndrome, in which individuals with a germ-line mutation in the p53 gene (TP53) have a high incidence of cancer. 4 Furthermore, mice deleted for the p53 gene (Trp53) or harboring small deletions or missense mutations in Trp53 are invariably tumor prone. 5 --8 p53 is a transcription factor that is normally expressed at low levels because of its interaction with the ubiquitin E3 ligase MDM2 that mediates its degradation. 9 In response to a wide range of stress signals, including DNA damage, p53 becomes phosphorylated and released from MDM2, and its concentration increases dramatically. When activated in this way, p53 transactivates several genes to induce (1) temporary cell cycle arrest (quiescence) during which DNA repair can occur, (2) permanent cell cycle arrest (senescence), which prevents transmission of damaged DNA to daughter cells or (3) apoptosis, which removes the damaged cell. Thus, p53 protects against tumor-inducing mutations by either promoting their repair, or by preventing their propagation by permanently arresting or deleting cells that contain mutations. Presumably one or all mechanisms are important in tumor suppression depending on tissue type and the nature of the oncogenic signal (reviewed in Braithwaite et al. and Vousden and Lane 10, 11 ). The proline-rich domain (PRD) of p53 has been implicated in regulating the apoptotic function of p53. 12, 13 Mutants of p53 deleted between amino-acid residues 61--91 in human p53 12, 14 and 58--88 in mouse p53, 15 are markedly impaired for apoptosis when over-expressed in cells. Cells derived from a 'knock-in' mouse deleted for residues 75--91 (DP) were resistant to low levels of DNA damage but did undergo apoptosis at higher levels of DNA damage. However, such cells were unable to undergo cell cycle arrest. 16 This mutant also displayed hypersensitivity to MDM2 and was poorly stabilized following stress. In contrast, we generated a mouse deleted for residues 58--88 (mDpro) that was markedly impaired for apoptosis of hematopoietic cells in vivo and in vitro after DNA damage, but at least in bone marrow, mDpro was also capable of causing cell cycle arrest. 17 These mice showed elevated levels of improperly differentiated B cells that developed into B-cell lymphomas. The mice, however, were resistant to T-cell tumors, characteristic of p53 À/À mice, suggesting that the apoptotic function of p53 is not required for suppression of T-cell tumors. We proposed that p53-dependent apoptosis prevents the expansion of improperly differentiated B cells, thereby preventing lymphoma formation. However, the ability of this mutant to carry out cell cycle arrest, or other activities of p53 was not investigated in any detail, but it is very likely there are other functional impairments, as microarray analysis showed that it is impaired for transactivation of many wellknown p53-regulated genes after exposure of thymocytes to ionizing radiation (Supplementary Figure 1) . Here, we report that the PRD of mouse p53 is required for efficient cell cycle arrest/ senescence and DNA repair in response to g-radiation, but that it is dispensable for signaling by the Ha-Ras oncogene and hyperoxia.
RESULTS
Mouse embryo fibroblasts (MEFs) expressing mDpro are resistant to apoptosis induced by E1a As MEFs do not readily undergo p53-dependent apoptosis in response to DNA damage, to confirm that MEFs derived from mDpro mice are apoptosis resistant we transduced MEFs from wild-type p53 þ / þ , mDpro and p53 À/À mice with an adenovirus E1a retrovirus. E1a has been reported to induce p53-mediated apoptosis. 18, 19 Cells were harvested at indicated times ( Figure 1 ) after transduction and viable cells counted, E1a and p53 protein levels determined by western blotting, and colony forming assays carried out. Results show that E1a protein was similarly expressed in MEFs from all genotypes and that both p53 and mDpro levels were robustly stabilized after E1a transduction (Figure 1a) . Whereas the number of viable cells declined over time after transduction of MEFs from p53 þ / þ mice, the viable cell number increased after transduction of MEFs from mDpro and p53 À/À mice ( Figure 1b) . Similarly, there were very few colonies present after transduction of p53 þ / þ MEFs, but many colonies developed in mDpro and p53 À/À MEFs (Figure 1c) . Thus, MEFs derived from mDpro mice are resistant to apoptosis induced by E1a. They also do not undergo cell cycle arrest, as E1a is bound to pRb, 20 disabling the cell cycle checkpoint 20, 21 thereby giving the cells a proliferative advantage.
E1a has also been shown to sensitize MEFs to drug-induced apoptosis 22 and MEFs from DP mice 16 were found be to resistant to low concentrations of adriamycin in the presence of E1a, but were sensitive to high concentrations of adriamycin. To determine whether our PRD mutation is similar to DP, mDpro MEFs were transduced with E1a and then treated with increasing concentrations of adriamycin for 24 h and viable cells counted. Results (Supplementary Figure 2A) show that mDpro cells treated with E1a alone are resistant to apoptosis as shown above. The results also show that cells of all genotypes are sensitive to E1a þ adriamycin, but mDpro cells are more resistant to apoptosis than p53
þ / þ cells, except at the highest adriamycin concentration (1 mg/ml). Thus, in this regard, mDpro is similar to DP. þ / þ , mDpro and p53 À/À mice were transduced with a retrovirus encoding E1a or an empty vector, then selected using puromycin (3 mg/ml). Three days later cells were harvested, protein extracts prepared and expression of p53 and E1a determined by western blotting. (b) Following E1a transduction, viable cell numbers were determined at the time points indicated using the trypan blue exclusion assay. (c) The colony forming potential of each genotype was determined by seeding MEFs at low density (500 cells per well) following E1a transduction, and determining the frequency of colony formation 14 days later by crystal violent staining.
MEFs expressing mDpro do not undergo cell cycle arrest after exposure to ionizing irradiation (IR) To determine whether mDpro induces cell cycle arrest and senescence after DNA damage, MEFs from p53 þ / þ , p53 À/À and mDpro mice were treated with 4-Gy g-radiation and viable cells counted, and in parallel, stained for Senescence-Associated b-galactosidase. Results (Figure 2a) show that mDpro protein was poorly stabilized following g-radiation and was markedly attenuated for transactivation of the cdkn1a gene (encoding p21 CIP1 ) and several other well-known p53 target genes (Supplementary Figure 3 ). Consistent with these findings, there was little increase in the p21 CIP1 protein levels ( Figure 2a ). As well, mDpro did not induce cell cycle arrest after exposure to g-radiation, although there was a slowing of cell cycle progression (Figure 2b ) and proliferation (Figure 2c ), similar to cells from p53 À/À mice implying these effects are largely p53 independent. Wild-type p53 expressing cells on the other hand ceased proliferation 2 days after g-radiation (Figure 2c ). Five days after g-irradiation p53
þ / þ cells entered senescence (Figures 3a and b) , which encompassed B40% of the cell population by 8 days. In contrast, p53
À/À cells did not senesce at all and only B5% of mDpro cells senesced by day 8 (Figure 3b ). Thus, mDpro cells are markedly impaired for induction of cell cycle arrest and senescence in response to IR. mDpro induces growth arrest and senescence after exposure to hyperoxia Primary MEFs grow poorly and often enter premature senescence when grown under conditions of 20% O 2 tension. 23 As hyperoxia provokes a p53 response through the ATR/CHK1 pathway, whereas IR is ATM dependent, we asked whether the PRD also influences this p53 response. MEFs from all three genotypes were cultured in parallel, either under hyperoxic, atmospheric oxygen levels (20% O 2 ) or under 3% O 2 , and viable cells counted over several days. Results (Figure 4a) show that whereas p53 À/À cells increased about 7 --8 fold over 10 days at either O 2 concentration, both mDpro and p53 þ / þ MEFs grew poorly at 20% O 2 , increasing less than twofold over this time. Both p53 þ / þ and mDpro cells also underwent senescence (data not shown). Cells of the same genotypes (mDpro and p53 þ / þ ) cultured under 3% O 2 increased B6 fold in numbers. Thus, in contrast to IR, the response of mDpro was indistinguishable from wt p53. mDpro induces growth arrest and senescence in response to Ha-Ras overexpression To explore further whether mDpro responded differently to different input signals, MEFs derived from p53 þ / þ , mDpro, or p53 À/À mice were transduced with a retrovirus expressing the Ha-Ras oncogene that is known to induce growth arrest in a p53-dependent manner. 24 After 10 days, cells were fixed and stained with crystal violet. Results ( À/À mice p53 were exposed to 4-Gy g-radiation, following which, cells were harvested at indicated times and p53 and p21 CIP1 levels determined by western blotting. (b) Eight hours post irradiation cells from each of the three genotypes were harvested, fixed and stained with propidium iodide and the percentage of cells in S phase determined by flow cytometry. (c) MEFs from each of the genotypes were exposed to 4-Gy g-irradiation, after which cells were harvested at indicated times and viable cell numbers determined by trypan blue staining. Figure 4A) . In addition to proliferation experiments, senescence assays were carried out. Results show that cells from p53
(Supplementary
þ / þ and mDpro mice underwent senescence but cells from p53 À/À mice did not (Supplementary Figure 4 and Figure 4D ). Thus, as for the response to hyperoxia, mDpro responded to oncogenic signaling in a manner similar to wt p53. mDpro is resistant to continuous exposure to a DNA damaging agent The results above showed that mDpro failed to respond to IR, but did respond to Ha-Ras expression and hyperoxia. Given that both Ha-Ras and hyperoxia are sustained stressors, whereas IR is applied as a pulse, we asked whether mDpro could respond to sustained exposure to an agent causing double-strand DNA breaks like IR. We therefore treated p53 þ / þ , mDpro and p53
MEFs with the topoisomerase II inhibitor amsacrine, continuously for 9 days. Results (Supplementary Figure 2B) showed that p53
MEFs declined in viability with increasing amsacrine concentration, whereas there was essentially no decline in cell viability in mDpro or p53 À/À MEFs until the highest concentration (10 ng/ml) was used. At this concentration, the reduction in cell viability is p53 independent. Thus, the difference in responsiveness of mDpro to IR and hyperoxia or Ha-ras expression is not just because of sustained exposure to stress.
Cells expressing mDpro inefficiently repair DNA after exposure to IR As mDpro cells continue to replicate after treatment with IR and do not senesce, it seems plausible that they might not efficiently repair DNA. To test this, MEFs were pulsed with 4-Gy g-radiation and at indicated times, cells were harvested, fixed and stained with an antibody to g-phosphorylated histone H2AX (gH2AX). In response to genotoxic insults, histone H2AX that flank dsDNA breaks are phosphorylated on residue 139. 25 An example of gH2AX labeling is shown in Figure 5a and quantitation at different times post irradiation is shown in Figure 5b . First, it is evident that in untreated cells the background level of gH2AX staining is higher in both p53 À/À (B45%) and mDpro (B30%) cells compared with p53
þ / þ cells (B17%) (Figure 5b) . By 1 h after irradiation, the frequency of gH2AX-positive cells for all genotypes increased to 100%, which then declined markedly in p53 þ / þ cells, reaching background levels by 72 h after irradiation. However, in both p53 À/À and mDpro cells, the decline in the frequency of gH2AX-positive cells was much slower with 450% of the population still being positive 216 h (9 days) after irradiation. These results suggested that in the absence of the PRD, cells were unable to efficiently repair damaged DNA in MEFs. Consistent with this observation, mDpro failed to transactivate a number of DNA repair genes following 4-Gy g-radiation (Supplementary Figure 5) . This experiment was extended to lymphocytes. Spleen cells were isolated from p53 þ / þ and mDpro mice, irradiated and seeded into culture flasks. At day 1 and day 3, cells were cytospun on to microscope slides, fixed and stained for gH2AX. Results (Figure 5c ) also show a higher background of gH2AX-positive cells in untreated controls from mDpro mice compared with p53 þ / þ mice and persistent DNA damage after irradiation, not evident in irradiated cells from p53 þ / þ mice (cf, 3 days post irradiation panels, Figure 5c ). Thus, mDpro p53 is unable to efficiently repair DNA after g-radiation.
Tissues from mDpro mice contain unrepaired DNA To determine whether there was an elevated level of unrepaired DNA in mDpro mice, spleen, lung and liver were removed from untreated 5 week and 10-month-old mDpro and p53 þ / þ mice. Tissues were fixed and stained for gH2AX. Examples of results are shown in Figure 6a and the quantitation is shown in Figure 6b tissues of 10-month-old mDpro mice compared with p53
mice, (Po0.0001 for spleen, P ¼ 0.009 for liver and P ¼ 0.03 for lung, statistical significance was determined using a Student's t-test, unpaired and two tailed.). There was no significant difference in the number of gH2AX-positive cells between genotypes of 5-week-old mice. Thus, mDpro mice do not efficiently repair spontaneous DNA damage (presumably as a result of errors during DNA replication), which accumulate in tissues over time. In addition, we also investigated whether cells from older mice might exhibit obvious chromosomal aberrations resulting from unrepaired DNA lesions. However, there was no evidence of gross chromosomal changes either in MEFs or in splenocytes derived from 10-month-old mice (data not shown), nor did we observe significant differences in the number of spontaneous sister chromatid exchanges in cells from p53
and mDpro mice (data not shown).
Cells from mDpro mice are resistant to 6-thioguanine (6-TG) As there were persistent low levels of unrepaired DNA in mDpro cells and tissues, but no gross chromosomal alterations detectable, we asked whether random (for example, point) mutations might accumulate over time. To test this we used the 6-TG resistance assay. 26 The X-linked gene hypoxanthine phosphoribosyltransferase 1 (hprt1) metabolizes a purine analog, 6-TG to a toxic intermediate. However, if mutations occur in hprt1, cells will continue to proliferate in the presence of normally toxic concentrations of 6-TG. MEFs were plated into 10-cm dishes in the presence of increasing concentrations of 6-TG. Cells were incubated for 10 days after which they were fixed and stained in situ with crystal violet, or harvested and viable cells counted. Results (Figures 7a and b) show that cells of all genotypes survived up to 16 mg/ml 6-TG, although there were always fewer p53 þ / þ cells than either mDpro or p53
cells at all concentrations tested. The difference between p53 þ / þ cells and mDpro cells at 4 mg/ml was statistically significant (Po0.002, Student's t-test). At higher concentrations the difference became more marked with only mutant p53 cells surviving at 32 mg/ml. Thus, consistent with mDpro being unable to initiate efficient DNA repair, there was an increased frequency of mDpro survivors cells, similar to p53 À/À cells. DISCUSSION Cell culture studies have implicated the PRD of p53 as being crucial for DNA damage-induced apoptosis. 12, 15, 27 However, studies on mice specifically mutated in the PRD have suggested the PRD is not just associated with p53-dependent apoptosis. In response to DNA damage, cells derived from mice deleted for residues 75 --91 of p53 (DP) are apoptosis competent at higher levels of DNA damage, but are unable to induce a cell cycle arrest. 16 In contrast, cells from mice deleted for residues 58 --88 (mDpro) are completely defective for apoptosis, but competent for cell cycle arrest. 17 This mutation also promotes aberrant hematopoietic cell differentiation. Furthermore, microarray analysis showed that mDpro is generally defective for transactivation following exposure to g-radiation, making it likely that the PRD affects multiple biological functions of p53. Two other mouse models have been constructed, both mutated in the PXXP motifs of the PRD, and exhibited no phenotype, 28 suggesting that these proline motifs alone are not critical for the tumor suppressor functions of p53. In the study reported here, we have investigated the effect of deleting the PRD using cells derived from the mDpro mouse. The principal finding is that deletion of the PRD can have a profound effect on multiple downstream p53 functions, or have limited effect, depending on the 'input activating signal' to p53. Using MEFs we show that despite being stabilized, mDpro is unable to induce apoptosis in response to adenovirus E1a (and is less sensitive to apoptosis induced by E1a þ adriamycin), confirming the importance of the PRD for apoptosis. We find that mDpro is markedly impaired for cell cycle arrest and senescence induction after a pulse of g-radiation and also fails to respond to extended exposure to the topoisomerase II inhibitor, amsacrine, similar to p53 À/À cells. However, mDpro induces an arrest and senescence in response to oxidative stress or over-expression of the Ha-Ras oncogene, similar to wt p53. Thus, the PRD appears to be þ / þ and mDpro mice and cultured for 1 day before being exposed to 4-Gy g-radiation. At the time points indicated splenocytes were cytospun on to glass slides and stained with anti-phosphorylated gH2AX antibody and nuclei were counterstained with DAPI.
important for p53 to respond efficiently to some but not all stressors. Consistent with this, Ha-Ras, hyperoxia and g-radiation signal to p53 via different pathways. Hyperoxia signals predominantly through the ATR/CHK1 pathway 29 and Ha-Ras via the MAPK pathway, 30 whereas g-radiation and topoisomerase II inhibitors activate p53 predominantly via the ATM pathway. 31 Although other explanations are possible, we propose a model (Figure 8 ) in which deletion of the PRD affects the binding site of selective upstream signaling molecules such as ATM, reducing their affinity for p53, resulting in impaired phosphorylation and stabilization. 10 Of interest, the binding site for ATM has been reported to be within the first 100 amino acids of p53, so it is likely to be influenced by the PRD. 32 One prediction of the model is that higher doses of g-radiation would increase the level or frequency of upstream activating signals, thus partially overcoming the attenuating effect of the PRD mutation. This is in fact exactly what we observe. At 6-Gy g-radiation 22% of mDpro cells undergo senescence, compared with B4% at 4 Gy and 4% of p53 null cells at 6 Gy, although both underwent cell cycle arrest (Supplementary Figure 6) . Of importance, however, collectively our results demonstrate that the downstream cell cycle and senescence signaling pathways are capable of being efficiently activated by mDpro, provided the appropriate stress is applied.
As well as being unable to arrest cell division in response to g-radiation, we found that mDpro is not able to initiate DNA repair efficiently. MEFs with mDpro had constitutively elevated levels of gH2AX nuclear foci, indicative of unrepaired DNA, presumably because of replication errors, and after exposure to g-radiation, mDpro MEFs were markedly attenuated at activating DNA repair processes. This was not only true for MEFs but also for splenocytes. Furthermore, random missense mutations accumulate in mDpro cells as they display a higher frequency of resistance to 6-TG than cells with wt p53. In all cases, mDpro cells behaved similarly to p53 null cells.
Of importance, this lack of efficient repair may directly relate to the tumor predisposition of mDpro mice. 17 In several tissues of untreated 10-month-old mDpro mice there were significantly more cells that retained detectable DNA damage (gH2AX-positive) compared with the same tissues from p53 þ / þ mice, whereas there was no detectable difference in the tissues from 5-week-old mice. This correlates well with the appearance of improperly differentiated B cells in the spleen and bone marrow (B7 months) whose surface markers mimic the pattern observed on the B-cell tumors that begin to appear around 11.5 months. 17 Thus, the tumors in mDpro mice probably result from a higher than normal frequency of unrepaired DNA lesions accumulating over time.
This result raises the question as to whether p53-mediated DNA repair is the key tumor suppressor mechanism, at least in hematopoietic cells. Interestingly, mice deficient for cdkn1a are not tumor prone 33 and similarly, mice lacking both of p53's main pro-apoptotic genes noxa and puma, are not tumor prone. 34 However, mice deficient in the important p53-dependent DNA repair gene gadd45 are also not tumor prone. 35 Thus, it seems likely that a combination of cell cycle arrest and repair are required for tumor prevention. If so, crossing mDpro mice with gadd45 À/À mice should recapitulate the phenotype of p53 À/À mice in terms of tumor type and survival.
In summary, deletion of the PRD prevents p53 from responding to g-radiation-induced DNA damage, but not other stressors such as hyperoxia or signaling by oncogenic Ha-ras. This lack of response to DNA damage allows cells to continue to proliferate in the presence of DNA lesions, which leads to a slow accumulation of mutations and late-onset tumors. This mDpro mutant may mimic other conditions where p53 function is compromised by, for example, hypomorphic polymorphisms in p53 or tumorassociated missense mutants.
MATERIALS AND METHODS Cells
MEFs were isolated from E15 p53 þ / þ , mDpro, p53 À/À and p21 À/À embryos using standard procedures. 36 MEFs were grown in Dulbecco's modified Eagle medium (Gibco, Life Technologies, Carlsbad, CA, USA), 10% fetal bovine serum, 2 mM L-Glutamine, Penicillin 100 U/ml and Streptomycin 100 mg/ml at 37 1C, in a humidified atmosphere of 5% CO 2 and either 20% or 3% O 2 . Experiments utilized early passage MEFs. Splenocytes; pooled single-cell suspensions were prepared from spleens of four 4 --6 week-old mice with the following genotypes; p53 þ / þ , mDpro and p53 À/À . Cells were cultured in DMEM supplemented with 20% fetal calf serum, L-glutamine (2 mM), and penicillin and streptomycin. Viral transduction pBABE-Ras (Addgene, Cambridge, MA, USA, plasmid number 1768), pBABEE1a12S; 37 (Addgene, plasmid number 18742) and pBABE-puro (Addgene, plasmid number 1764) were transfected into PhoenixA cells using the calcium phosphate method. The resulting supernatant was filtered and supplemented with 8 mg/ml polybrene and then used to infect low passage MEFs once daily for 2 days. The transduced population was selected using puromycin (3 mg/ml).
Western blotting
Protein lysates were prepared in the presence of protease inhibitors and 20 --40 mg of protein were separated on 10% SDS --PAGE gels (Invitrogen, Carlsbad, CA, USA). Blots were probed with primary antibodies against p53 (1C12, Cell Signalling, Danvers, MA, USA), E1a (M73 Santa Cruz), Ha-Ras (Rabbit polyclonal, Cell Signalling), p21 CIP1 (F5, Santa Cruz, Santa Cruz, CA, USA) and b-actin (AC-15, Abcam, Cambridge, MA, USA). Alkaline phosphatase conjugated antibodies were detected using the Western Breeze Immunodetection kit (Invitrogen).
Cell proliferation
MEFs were cultured in DMEM supplemented with 10% fetal calf serum, L-Glutamine (2 mM). Cells were harvested at indicated time points and counted using the trypan blue exclusion assay. For selection of transduced MEFs 3 mg/ml puromycin was added to the growth media.
Colony forming assays
Transduced MEFs were cultured as above and after 24 h of puromycin selection, 500 MEFs/well were seeded in a 24-well plate and cultured for 14 days. Following this, cells were stained with crystal violet stain (0.2% crystal violet, 10% formaldehyde in PBS) for 5 min.
Flow cytometry
For flow cytometry, MEFs were fixed in 70% ethanol by incubation at 4 1C for at least 12 h. Fixed cells were resuspended in a solution of 50 mg/ml propidium iodide in PBS containing 2 mg/ml RNase A and incubated at room temperature for at least 1 h. 10--20 000 cellular events were collected using the Beckman Coulter FC500 system (Beckman Coulter, Brea, CA, USA) and the data were analyzed with FlowJo software (Tree Star, Ashland, OR, USA).
Senescence-associated b-galactosidase staining Following either irradiation or transduction, MEFs were washed with PBS, fixed with 2% formaldehyde, 0.2% glutaraldehyde in PBS and senescenceassociated b-galactosidase activity was visualized by using a b-galactosidase staining kit (Cell Signalling) according to manufacturer's instructions. Cells were then visualized at Â 10 microscopic magnification. A minimum of 100 --200 cells were counted for each sample.
gH2AX immunofluorescence staining
For MEFs, MEFs were cultured in sterile CultureSlides (BD Falcon, San Jose, CA, USA), washed twice in PBS and fixed with 2% (v/v) formaldehyde in PBS. Cells were then permeabilized in PBS containing 0.2% Triton-X 100 and immunofluorescence carried out. Cells were stained with DAPI (500 mg/ml) and probed using anti-gH2AX antibody (JBW 301, Upstate) and detected using fluorophore-conjugated secondary antibodies (Molecular probes, Life Technologies, Carlsbad, CA, USA). MEFs were irradiated at a dose of 4 Gy with a Gammacell 3000 Elan. For splenocytes, single-cell suspensions of splenocytes from p53 þ / þ , mDpro and p53 À/À were generated and then stimulated with LPS. Splenocytes were then cytocentrifuged onto SuperFrost Plus glass slides (Menzel-Glaser, Braunschweig, Germany) in a Shandon Cytospin 4. Slides were fixed and permeabilized as described above.
gH2AX immunohistochemistry in mouse tissue
The estimation of double stranded breaks in mouse tissue was done by immunohistochemistry utilizing the gH2AX (phospho S139) rabbit polyclonal antibody (ab2893, Abcam), which was detected by a HRP enzyme linked conjugated system (ENVision, Dako, Glostrup, Denmark) using DAB. The intensity of the DAB signal was enhanced using DAB Enhancer (Zymed, Invitrogen). Detection of DAB-positive cells used a Leica DM2000 light microscope at Â 400 magnification, and Leica Version 3.5.0 Application Suite software (Leica Microsystems, Wetzlar, Germany). The percentage of DAB-positive cells was counted per 10 000 total cells. Spleen, lung and liver paraffin-embedded tissue was analyzed in 16 mice: 5-weekold 4 wild-type and 4 mDpro mice; 10-month-old 4 wild-type and 4 mDpro mice.
Hprt1 survival assays
Two hundred thousand MEFs were cultured in 10-cm dishes for 7 days in DMEM as above, supplemented with between 4 --32 mg/ml 6-TG (SigmaAldrich, St Louis, MO, USA). Cells were then washed with PBS and stained using crystal violet (0.2% crystal violet, 10% formaldehyde in PBS), or cells were trypsinized and viable cells counted using trypan blue exclusion.
Gene expression analysis
Pooled single-cell suspensions were prepared from spleens of four 4 --6-week-old mice of the following genotypes; p53 þ / þ , mDpro and p53 À/À . Cells were cultured in DMEM supplemented with 20% fetal calf serum, L-glutamine (2 mM), and penicillin and streptomycin and left untreated or treated with 4-Gy g-radiation. Total RNA was extracted using TRI reagent (Sigma-Aldrich), integrity and purity confirmed by spectrophotometry, and visualized by gel electrophoresis. cDNA was synthesized using oligo-dT primed MMLV RT (Promega, Madison, WI, USA). For quantification of p53 target genes, quantitative real-time PCR (RT --qPCR) was performed using 10 ng RNA equivalents with QuantiTect SYBR Green PCR master mix (Qiagen, Hilden, Germany) according to the manufacturer's instructions and performed on a Rotor-Gene 6000 Real time PCR machine (Qiagen). Primer sequences for p53 target genes are available upon request. The DDCT method was used for comparative quantification of gene expression. Data from each time-point were normalized against b-2-microglobulin expression.
Microarray analyses
As above, splenocytes were treated with 4-Gy g-radiation and RNA extracted, then amplified (250 ng) and labeled using the Illumina 
